We study the possibility of connecting leptonic Dirac CP phase δ, lightest neutrino mass and baryon asymmetry of the Universe within the framework of a model where both type I and type II seesaw mechanisms contribute to neutrino mass. Type I seesaw gives rise to Tri-Bimaximal (TBM) type neutrino mixing whereas type II seesaw acts as a correction in order to generate non-zero θ 13 .
I. INTRODUCTION
Neutrino oscillation experiments [1] in the last few years have given substantial amount of evidence in favor of non-zero neutrino mass and mixing. More recently, neutrino oscillation experiments T2K [2] , Double ChooZ [3] , Daya-Bay [4] and RENO [5] have not only made the earlier predictions for neutrino parameters more precise, but also predicted non-zero value of the reactor mixing angle θ 13 . The latest global fit value for 3σ range of neutrino oscillation parameters [6] are as follows: 
Another global fit study [7] reports the 3σ values as 
where NH and IH refers to normal and inverted hierarchies respectively. Although the 3σ range for the Dirac CP phase is 0 − 2π, there are two possible best fit values of it found in the literature: 5π/3 [6] and π [7] .
Before the discovery of non-zero θ 13 , the neutrino oscillation data were consistent with the so called TBM form of the neutrino mixing matrix which predicts the mixing angles as θ 12 ≃ 35.3 o , θ 23 = 45 o and θ 13 = 0. Such a mixing pattern studied extensively in the literature [8] however, needs to be corrected in order to accommodate non-zero θ 13 discovered recently. Several interesting proposals [9, 10] have already been put forward which include different corrections to TBM mixing in order to generate non-zero θ 13 . In the present work, we attempt to find a mechanism which can not only generate non-zero θ 13 but can also shed some light on those parameters of the neutrino sector which are not yet accurately measured namely, the lightest neutrino mass and the leptonic Dirac CP phase. Apart from incorporating the constraints from neutrino oscillation experiments, we also take the constraints from cosmology into account. Cosmology can constrain the the sum of absolute neutrino masses as i |m i | < 0.23 eV [11] . We can further constrain the neutrino parameters from cosmology if we assume leptonic sector origin of matter antimatter asymmetry of the Universe. The matter antimatter asymmetry or the baryon asymmetry of the Universe is measured in terms of baryon to photon ratio which according to the latest data available from Planck mission [11] is given as Y B ≃ (6.065 ± 0.090) × 10
This baryon asymmetry can be naturally generated through the well known mechanism of leptogenesis. According to this mechanism, the observed baryon asymmetry of the Universe is generated by generating an asymmetry in the leptonic sector first and later converting it into baryon asymmetry through electroweak sphaleron transitions [12] . As pointed out first by Fukugita and Yanagida [13] , the out of equilibrium CP violating decay of heavy Majorana neutrinos provides a natural way to create the required lepton asymmetry. A very good review of this mechanism can be found in [14] .
In some of our recent works [15] [16] [17] , we carried out an exercise of generating non-zero θ 13 by considering a model where both type I [18] and type II [19] seesaw are present. The type I seesaw was assumed to give TBM type neutrino mixing whereas type II seesaw acts as a perturbation in order to generate non-zero value of reactor mixing angle. Similar attempts to study the deviations from TBM mixing by using the interplay of two different seesaw mechanisms were also done in [20] . In our earlier works, we considered type I seesaw mass matrix as TBM type and assumed a minimal structure of the type II seesaw mass matrix required to break the µ − τ symmetry associated with the TBM mixing. We also assumed the type I seesaw mass matrix to be of leading order by fitting it with the best fit values of neutrino mass squared differences and TBM mixing angles. One difficulty that we face within such framework is to control or restrict the form and strength of type II seesaw mass matrix in such a way that while generating the correct value of θ 13 , the mass squared differences as well as other mixing angles remain within the allowed range. Here we generalize our earlier works by dropping these two assumptions: the minimal µ − τ symmetry breaking form of the type II seesaw mass matrix and sub-leading approximation for the type II seesaw term.
We rather derive the most general type II seesaw mass matrix which can give rise to the correct value of non-zero θ 13 and could also contain the leptonic Dirac CP phase. We also consider three different scenarios where type I seesaw contribution to neutrino mass can be 50%, 70% or 90% which includes the case where type I and type II seesaw are equally contributing to the neutrino mass. We constrain the type II seesaw mass matrix from the requirement of generating successful neutrino oscillation data and also study the correlation among leptonic Dirac CP phase, lightest neutrino mass and type II seesaw strength. We further constrain the leptonic Dirac CP phase contained in the type II seesaw mass matrix from the requirement of producing the observed baryon asymmetry through leptogenesis.
This paper is organized as follows. In section II, we briefly discuss type II seesaw. In section III, we discuss the deviations from TBM mixing using type II seesaw. In section IV
we describe the numerical analysis adopted here and finally conclude in section V.
II. TYPE II SEESAW
Type II seesaw mechanism is the extension of the standard model with a scalar field ∆ L which transforms like a triplet under SU(2) L and has U(1) Y charge twice that of lepton doublets. Such a choice of gauge structure allows an additional Yukawa term in the Lagrangian
The triplet can be represented as
The scalar Lagrangian of the standard model also gets modified after the inclusion of this triplet. Apart from the bilinear and quartic coupling terms of the triplet, there is one trilinear term as well involving the triplet and the standard model Higgs doublet. From the minimization of the scalar potential, the neutral component of the triplet is found to acquire a vacuum expectation value (vev) given by
where φ 0 = v is the neutral component of the electroweak Higgs doublet with vev approximately 10 2 GeV. The trilinear coupling term µ ∆H and the mass term of the triplet M ∆ can be taken to be of same order. Thus, M ∆ has to be as high as 10 14 GeV to give rise to tiny neutrino masses without any fine-tuning of the dimensionless couplings f ij .
Type I 50%,TYPE II 50% 
which is clearly µ −τ symmetric with eigenvalues m 1 = x−y, m 2 = x+ 2y, m 3 = x−y + 2z.
It predicts the mixing angles as θ 12 ≃ 35.3 o , θ 23 = 45 o and θ 13 = 0. This corresponding mixing matrix can be written as The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) leptonic mixing matrix is related to the diagonalizing matrices of neutrino and charged lepton mass matrices U ν , U l respectively, as
The PMNS mixing matrix can be parametrized as 
where c ij = cos θ ij , s ij = sin θ ij and δ is the Dirac CP phase. If U ν = U T BM from type I seesaw, then for diagonal charged lepton mass matrix both the reactor mixing angle θ 13 and the leptonic Dirac CP phase δ vanish in the neutrino sector. Since vanishing reactor mixing angle has been ruled out by experiments, the TBM type neutrino mixing has to be corrected. In our present work, we are interested in exploring the possibility of generating this correction for non-zero θ 13 and predicting leptonic CP phase at the same time. Considering the type II seesaw term as the necessary correction to TBM mixing, we write the neutrino mass matrix
where M D , M R are Dirac the right handed neutrino mass matrices respectively. Since the diagonalizing matrix of m ν is U PMNS and that of type I mass matrix m I ν is U T BM , the above equation can be written as (11) and using equation (10), the type II seesaw mass matrix elements can be derived as within our framework. The corresponding plots for all the relative strengths of type I and type II seesaw terms are shown in figure 4 , 5, 6, 7, 8 and 9 . We also derive the type II seesaw mass matrices for all the choices of lightest neutrino mass and α. They are shown in responsible for creating the lepton asymmetry. To calculate the baryon asymmetry, we follow the procedure adopted in our earlier works [16, 17, 21] .
While calculating the lepton asymmetry, the lepton flavor effects [22] can play a crucial GeV where only electron flavor is out of equilibrium. To keep the lightest right handed neutrino mass in different flavor regime, one needs to choose the Dirac neutrino mass matrix appropriately. After fitting the type I seesaw mass matrix as m
where m
we can find the right handed neutrino mass matrix as
We consider a diagonal type Dirac neutrino mass matrix which can be parametrized as neutrino mass M 1 in the appropriate flavor regime. We find that (m, n) = (1, 1), (3, 1) , (5, 3) correspond to one, two and three flavor regimes of leptogenesis respectively. After fixing α, m 1 (m 3 ), m D , M R the only free parameter in the neutrino sector within our framework is the leptonic CP phase δ. We vary the CP phase and compute the predictions for baryon asymmetry in one, two and three flavor regimes for all the choices of α, m 1 (m 3 ). The variations of baryon asymmetry with leptonic CP phase δ are shown in figure 10 , 11, 12, 13, 14 and 15 .
V. RESULTS AND CONCLUSION
In this work, we have generalized our earlier studies on the common origin of non-zero reactor mixing angle, leptonic CP phase and leptogenesis from type II seesaw. Type I seesaw is assumed to give a TBM type neutrino mixing whereas type II seesaw gives the necessary that we do not get the correct baryon asymmetry in the three flavor regime for all choices of parameters. In the one flavor regime, only normal hierarchical neutrino mass with all masses of same order gives the correct baryon asymmetry. In the two flavor regime although normal hierarchy gives correct baryon asymmetry only when all the neutrino masses are of same order, inverted hierarchy can give rise to correct baryon asymmetry even if the lightest neutrino mass is as low as 10 −6 eV. Precise determination of leptonic CP violation in future experiments should be able to rule out some of the scenarios we have discussed in this work.
If we go by the best fit values of δ presently available in the literature: 5π/3 [6] and π [7] , we see from table V that only normal hierarchy with m 1 = 0.07 eV prefers the value of δ to be close to π in order to produce the correct baryon asymmetry. On the other hand, none of the scenarios we discuss here favor the value of δ to be 5π/3. Apart from neutrino experiments, the present and future cosmology experiments should also be able to rule out
